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Anodized alumina films studied by soft x-ray emission spectroscopy

F. Saleem1, J.-H. Guo2, T. Tesfamichel3, B. Gålnander3, S. M. Butorin1, C. Såthe1, E.
Wäckelgård3 , and J. Nordgren1

1Department of Physics, Uppsala University, Box 530, S-751 21 Uppsala, Sweden
2Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 949720

3Department of Technology, Box 534, Uppsala University, S-751 21 Uppsala, Sweden

Al2O3 has been an important material for its technical applications, e.g., as a matrix
for small metallic particles in the solar absorbers. With appropriate concentration of
metallic particles and the appropriate film thickness, anodized Al2O3 can be used as
good solar absorber with selective properties (1-4). The purpose to create such a
structure is to minimise the thermal emittance from the solar absorber.

The samples were prepared in the process of anodization. A 0.5 mm thick rolled
electroplated aluminium sheet anodized in diluted phosphoric acid (H2PO4) solution
at room temperature using a dc voltage of 15 V. These conditions produce a porous
amorphous aluminium oxide film with a pore fraction as large as 30 to 40 percent by
volume (10,11). The pores are columnar and extend through the oxide layer from the
metal-oxide interface to the surface. A very thin barrier layer buffers the Al substrate.
The time of anodization was set to around 12 minutes to produce a film thickness of
about 500 nm. The oxide thickness was measured using an alpha step 200 mechanical
stylus profilometer. The anodizing bath was continuously stirred to minimise local
heating of the substrate, which would result in uneven oxide coatings.

The porous aluminium oxide coatings are then filled with metal particles from
aqueous salt solution. Three different types of coatings: nickel, copper and copper-
nickel pigmented aluminium oxide have been prepared from salt solutions of nickel
sulphate (NiSO4), copper sulphate (CuSO4) and an equal amount of mixture of NiSO4
and CuSO4, respectively. An appropriate ac voltage was applied to the electrodes and
the small metal particles were formed as rods with average diameter of 30 nm. The
particles started to grow from the pore base (12,13) that possess a volume fraction of
about 30 percent (14). Different pigmentation time was used during the sample
process and hence different pigmented layer thickness has been produced.
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Soft-x-ray emission spectroscopy (SXES)
experiment was performed at beamline
7.0.1. (15). The x-ray emission spectra for
non-porous Al2O3, porous Al2O3, and
porous Al2O3 pigmented with Ni were
recorded with the grazing incidence soft
x-ray fluorescence spectrometer (16-17).
The resolution of monochromator and
spectrometer is 0.60 eV and 0.22 eV,
respectively.

The two emission bands of Al2O3 in
Figure 2 are primarily derived from Al s-
states. The width of the filled band of Al
in Al2O3 was found 8.5 ± 0.5 eV which is
close to previously found value 8.7 eV of
Al Lα,β�emission band spectra of non-
porous Al2O3 for different excitation 0.2 eV. There are small emission bands, which
appear in the region of about 71.2 to 74.5 eV at the excitation energies close to
threshold, are shifting with the excitation energies. They are originated from the low-
energy excitations in the resonant inelastic x-ray scattering.

Fig. 3 shows a series of spectra of porous
Al2O3 film recorded at different excitation
energies. The two characteristic emission
bands of Al2O3 are still present in the spectra.
In addition a sharp cut-off edge can be
observed at about 72 eV in all spectra, and its
intensity varies some depending on the
excitation energy.

The sharp edge at 72 eV indicates the metallic
character. Thus, the metallic and oxided Al are
superimposing to each other. It reveals that
different Al oxidation levels were created
during the anodization process. In the present
study photon excitation was used and this 72-
eV-edge appears all the time from the
excitation energies at threshold up to higher
energies, therefore the thermal effects may be
neglected. On the other hand, the experimental
observation can be explained as the effect of
porosity of the material. And the process of anodization may change the oxidation
level of the material.
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Fig. 2 Lα,β emission spectra of bulk Al2O3
recorded at selected excitation energies which

are indicated at the right side.
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Fig. 3 Al Lα,β�emission spectra of
anodized Al2O3 recorded at selected

excitation energies indicated at the right
side.
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The penetration depth of soft x-rays was calculated (not shown) using formulas by
Henke et al. X-rays with photon energy of 80 -
200 eV can penetrate maximum depth of 200
nm under the present experimental geometry
(incident angle of 30°. The porous Al2O3 film
has a thickness of 500 nm, so the chance for
photon-excited-SXES to probe the substrate is
removed.

Interesting situation arises when the pores of
porous Al2O3 have been filled completely with
nickel (see in Fig.4). The SXES spectra
exhibit again the two-emission-band structure.
Metallic Al character has been suppressed
after pigmentation. Also, an angular resolved
measurement has been performed at different
take off angles to check if this metallic peak is
still there in case of porous Al2O3. It was

found that metallic Al peak at 72 eV still could be seen in the angular resolved SXES
measurements.

We have investigated the electronic structure anodized Al2O3 by soft x-ray emission
spectroscopy. The Al Lα,β�soft x-ray emission spectra of Al2O3 films, in the forms
of porous and non-porous, are recorded. Comparison of porous and non-porous Al2O3
films has shown that a certain amount of metallic Al is preserved in the porous Al2O3
film. Further treatment of the porous film in Ni-pigmented process oxidizes
completely the remaining metallic Al in the porous Al2O3 film from anodization
process.

References
1. J. Blain, C. LeBel, R. G. Saint-Jacques, and F. Rheault, J. Appl. Phys. 58, (1985) 490-494.
2. H. Uchino, S. Aso, S. Hozumi, H. Tokumasu, and Y. Yoshioka, Natl Tech. Rep. 25, (1979 ) 994.
3. G. A. Niklasson and J. Granqvist. Appl. Opt. 55, (1984) 3382-410.
4. E. Wäckel Gård, T. Chibuye, and B. Karlsson, 1990 North Sun 90, Solar Energy at High Latitudes

(Reading,1990 oxford:Pergamon) pp 177-82.
5. H. M O'Brion and H. W. B. Skinner, Phys. Rev. 45,(1933) 370.
6. L. G Paratt, Rev. Mod. Phys. 31, (1959) 616.
7. M. Hecq and J. Leleux, Anal. Chem. 59, (1987) 440.
8. M. Georgsson, G. Bray, Y. Claesson, J. Nordgren, C. -G. Ribbing, and N. Wassdahl, J. Vac.
Sci.Technol. 9, (1991) 638.
9. P. B Legrand, J. P. Dauchot, M. Hecq, M. Charbonnier and M. Romand, J. Vac. Sci. Technol. A 12
(1994) 1551.
10. A. Scherer, O. T. Inal, and R. B. Pettit, J. Mater. Sci. 23, (1988) 1934.
11. S. Nakamura, M. Saito, L.-F. Hunga, M. Miyagi, and K. Wada, Japan J. Appl. Phys. 31, (1992)
3589.
12. E. Wäckelgård, J. Phys Condens. Matter 8, (1996) 5125.
13. A. Roos and M. Georgson, Solar Energy Mater. 22 (1991) 15.
14. A. Roos, M. Georgson, and E. Wäckelgård, Solar Energy Mater. 22 (1991) 29.
15. T. Warwick, P. Heimann, D. Mossessian, W. Mckinney, and H. Padmore, Rev. Sci. Instr. 66,
(1995) 2037.
16. J. Nordgren and R. Nyholm, Nucl. Instrum. Methods A 246 (1986) 242.
17. J. Nordgren, G, Bray, S. Cramm, R. Nyholm, J. E. Rubensson, and N. Wassadahl, Rev. Sci.
Instrum. 60 (1989) 1690.

In
te

ns
ity

 (a
rb

 u
ni

ts
)

7570656055
Emission energy (eV)

Al L  of porous Al2O3
  with Ni pigmented

78.2  eV

81.4 eV

200 eV

Fig. 4 Al Lα,β�emission spectra of Ni
pigmented anodized Al2O3 recorded at
selected excitation energies which are

indicated at the right side.
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